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Permanent creases or wrinkles in a web are costly, due 
to large amount of wastage associated with the wrinkles. This 
makes it necessary to investigate wrinkle formation from al 1 
aspects. This project especially involves investigation into 
the rol 1 that the web material and its thickness have In the 
generation of a wrinkling instability. It involves the 
material behavior of the web, including possible elastic 
anisotropy, and web thickness on the development of the 
shear and longitudinal wrinkles. A simple computer model was 
developed on NASTRAN to aid the experimental outcomes. 
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The term ''WEB" is used to describe materials that are 
manufactured and processed in continuous, flexible, strip 
form. The materials that are handled as webs cover a broad 
spectrum; from extremely thin plastics and papers, to 
textiles, metals and composites. The widespread use of web 
processing arises not only from the form of the materials, 
but ~lso it's economy and the higher levels of consistency of 
product quality generally achievable through its use. Much of 
the knowledge base on web handling and processing is of an 
empirical nature and often proprietary. The lack of an 
extensive fundamental knQwledge base on the web handling 
processes is a major deterant to the effective future 
developments and optimization of the web handling equipment. 
As a part of this basic understanding of web handling, the 
behavior of the web material itself, in the static and 
dynamic modes, must be clearly defined. 
In this research emphasis is placed on the static and 
dynamic modeling and the computer simula~lon of the web 
material behavior. Specifically it is involved with the 
measurement of the mechanical properties of the different web 
m~terials, and an Investigation into the lateral and the 
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longitudinal anisotropic properties of these web materials. 
It is also concerned with the propensity of the different web 
materials to exhibit wrinkl Ing instability. 
Permanent creases or wrinkles are costly defects that 
may occur in web handl Ing. The formation of a wrinkle may be 
directly related to the geometry of the web handling system. 
for example, the length to width aspect ratio of the 
unsupported web. Wrinkles may also depend upon the thickness 
of the web and the stiffness of the web material. It is 
necessary to determine the role that the material anisotropy 
may have in the wrinkle formation. The elastic buckl Ing of 
the web may have a direct relationship to the degree of 
anisotropy of the elastic modulus and the yield strength of 
the web material. The elastic anisotropy may be in the plane 
or through the thickness of the web depending on the 
processing sequence and the mat.er i al i t.se 1 f. 
Previous research by Good and Papandreadis (1), has 
indicated that the wrinkling instabilities in the polymeric 
materials are an effect of the aspect ratio and the number of 
wrinlkes are inversely related to the aspect ratio. This work 
involved a computer simulation technique developed to model 
the dynamic web behavior in the unsupported web. 
A computer model of the web material is developed in 
order to determine the e-ffects or mater i a 1 proper~t i es and !:he 
tt1ickness upon the wrinkle generation and the stress 
distribution. The model also determines the effects of the 
variations in the aspect ratio of the web. the boundary 
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conditions at the modeled roller positions and directional 
material properties, i.e. the degree of anisotropy. The 
stresses developed in the web dictates whether the elastic or 
elastic-plastic conditions exist. The elastic modulus and the 
elastic limit (yield strength) of polymers, metals and paper 
differ significantly. It is therefore necessary to establish 
the role the material elasticity and elastic-plastic 
transition may play in the wrinkle generation. 
Web Materials 
The following materials were of prime interest during this 
research work: Polypropylene, Polyethylene plastics, Papers 
(Aluminum coated and Kraft), Aluminum foils. 
Polypropylene and Aluminum foils were considered for the 
anisotropic properties in the machine direction (MO) and 
transverse direction (TO). Also biaxial and triaxial loading 
conditions were considered as a function of web material 
thickness. Static and dynamic tests were performed on these 
materials to evaluate the possible material effects on the 
longitudinal and shear wrinkles in the web. 
The material behavior of the web, was investigated, 
including the material vs geometry introduced instabilities, 
the effects of elasticity and the possible elastic 
anisotropy on the wrinkle generation. A computer model was 
developed to investigate the effect of these variables 
associated with the web handling. 
4 
Computer Model 
A finite element approach was considered throughout 
this research to develop an understanding of the stress 
distributions and the strain values in the web material. A 
finite element software package NASTRAN, on the IBM 308lk 
mainframe computer was used for the computer model Ing of the 
static and dynamic web wi~h the variables associated with web 
handling. 
Both static and dynamic cases were considered for these 
models. In the early stages of this research standard 
properties of thin polyethylene material and aluminum foils 
were used. The static approach involved the simulation done 
for the static tests performed on the MTS machine while the 
dynamic tests performed on the MTS machine were modeled using 
the dynamic model. 
For the purpose of better understanding of aspect ratio 
effects, variable width, variable thickness and variable 
length were considered. Also simulations of the loads that 
may be developed by the use of the bowed roller, the inclined 
roller and the concave roller were investigated. 
The models considered during this research work were 
involved with different boundary conditions and different 
material properties. The two and three dimensional static 
models were used with the uniform displacement boundary 
conditions. Also two and three dimensional dynamic models 
were used for the following boundary conditions: uniform 
loading condition along the width, uniformly increasing 
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loading condition along the width, parabolical ly increasing 
loading condition along the width, and uniform loading 
condition across the thickness. The anisotropic material data 
necessary for the simulation was not available in the 
1 iterature, and the testing on the MTS material testing 
machine was necessary to obtain values experimentally. 
Experimental Models 
Two types of experimental models were prepared, one 
for the static analysis and other for the dynamic analysis. 
Static tests involved the investigation into the material 
properties of the web materials in the MD and TD. These 
static tests were performed for evaluation of the modulus of 
elasticity, the degree of directional anisotropy and the 
elastic-plastic transition of the web materials. These 
tests were used to generated a sound data base to be used for 
the computer model of the web. The static test sample sizes 
were chosen according to the ASTM standards, experimental 
evaluations and from the considerations of the aspect ratio 
of the samples. 
For the dynamic tests, variable loading conditions were 
used to investigate the effects of variations in the tension 
in the web. To evaluate the dynamic effects on the web, 
variable speed conditions were also tested at the low speed 
range. These dynamic tests were performed on the polymers. 
paper and aluminum foils to provide better understanding of 
the role of web materials in the dynamic behavior of webs. 
CHAPTER II 
PROCESSING EFFECTS ON WEB MATERIALS 
The material properties or the web depend upon the type 
or manuracturing method and the processing sequence used. The 
material strength and the directional anisotropy associated 
with the web material is usually related to the history or 
the manuracturing method used. The tentering sequence, in the 
case or polymeric materials For example, aFFects the tensile 
properties or the web in MO and TO. The manuracturing methods 
that aFFect the web material properties are discussed in this 
chapter. 
Polymeric Materials 
There are Fundamentally two methods or extruding 
polymeric web material, namely, the blown Film extrusion and 
the slit die extrusion. The Former method produces tubular 
Film, while the latter results in a Flat Film. 
A typical single screw extruder is shown in Figure l, 
consisting or an Archim~dean screw which revolves within the 
close Fitting. heated barrel. The granules or plastic are Fed 
through the hopper mounted at one end or the barrel and 
carried Forward along the barrel by the action or the screw. 
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Figure 2 : Blown Film Extrusion 
contact with the heated walls oF the barrel and by the heat 
generated due to friction. The screw then forces the molten 
plastic through the die which determines its final Form. The 
most important component of the extruder is the screw and 
different designs of the screw are used for extruding 
different polymers. The extruder screws used are usually 
characterized by their length to diameter ratio (l/0) and 
their compression ratio (2). 
Blown Film Extrusion 
Once in the die, the molten polymer Is made to Flow 
around a mandrel and emerges through a ring shaped die 
opening in the form of a tube. The tube is expanded into a 
bubble of required diameter by an air pressure maintained 
through the center of the mandrel. The expansion of this 
bubble is accompanied by a corresponding reduction in 
thickness. The extrusion of the tube is usually upwards as 
shown in Figure 2, but it can be extruded downwards, or even 
sideways. A uniform thickness of the film Is maintained by 
keeping the air pressure of the bubble constant. 
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Blown film extrusion is a very complex process and is 
always associated with many problems, including the variation 
in the film thickness, surface defects, low tensile strength, 
low Impact strength, hazy film and above al 1 the wrinkling 
instability. The wrinkling in the film can be due to a 
variation in the film thickness and can lead to an uneven 
pul 1 at the pinch rolls (2). 
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Slit-Die Extrusion 
In the rlat rilm extrusion, molten polymer is extruded 
through a slit-die and then red into a quenching water bath 
or onto a chilled roller as shown in Figure 3. In both these 
cases the essence or the process is rapid cooling or the 
extruded rilm and the cooling is thererore applied within a 
very short distance or the die lip (25mm to 65mm). This short 
distance is also dictated by the necessity to reduce the 
'necking' or the film web, with consequent loss or width (2). 
In the chill roll casting method, the melt is extruded 
onto a chromium plated roller. cored with water for cooling. 
The slit-die extrusion process is prererred over the blown 
rilm extrusion because the rilms produced have better 
strength in both MD and TD and the thickness variations 
associated with slit-die process are smal 1. The variations in 
the strengths for the slit-die and the blown rilm processes 
are indicated in the Table I. 
TABLE I 
MANUFACTURING METHODS AND TENSILE STRENGTH 
Manuracturing Methods 
Slit-die process 
Blown film process 





Source Briston J. H., "P 1 ast i c F ·; 1 ms, Ch. 8: Manuractur i ng 
Methods, Page 72, Table 8.1" 
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Source Briston J. H., "Plastic Films", Ch.8: 
Manufacturing Methods, Page 69, Figure 8.4 
Figure 3 : Film Casting (Slit-Die Extrusion) 
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Film Orientation Techniques and Anisotropv 
The orientation of film by stretching it while heated 
is widely applied to the films such as polypropylene, nylon, 
polyethylene and polystyrene to improve the clarity, impact 
strength and the barrier properties of the film (2). 
A thick cast film of around 500-600 micron is fed to the 
system of differential draw rolls, i.e. the rolls running at 
gradually increasing speeds. These rolls are heated 
sufficiently to bring the film to a suitable temperature 
(below the melting point). Under these conditions the film 
is stretched in the machine direction at a draw ratio which 
is normally between 4:1 to 10:1. After leaving the draw 
roll, the film is fed into a tenter frame which consists of 
two divergent endless belts or chains fitted with the clips. 
These clips grip the film such that as the film travels it is 
drawn transversely at a draw ratio similar to that applied in 
the machine direction. The tentering area is also heated, 
with accurate control of temperature. The film coming out of 
the tenter frame is then cooled by passing over a cooling 
roller, and then wound as shown in the Figure 4. 
Oriented films are also available in which this sequence 
of operations is reversed, i.e. the tenter frame comes first. 
fol lowed by the differential draw rolls. As shown in the 
Figure 5, these two operations can also be carried out 
simultaneously. The film is gripped by its edges as it leaves 
the casting roll And is then moved forward at an increasing 
speed while it is stretched transversely by the diverging 
Source 
Machine d1rectiai 
/ stretching unit 
---Tenter 
unit 
Briston J. H., "Plastic Films", Ch.8: 
Manufacturing Methods, Page 77, Figure 8.8 
Figure 4 : Two Stage Orientation - Flat Fi Im 
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Briston J. H., "Plastic Films". Ch.8: 
Manufacturing Methods. Page 78, Figure 8.9 
Figure 5 Simultaneous Orientation Process 
1 2 
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grips. It has been observed experimentally that the biaxially 
oriented plastic films result in less variations in the 
directional properties of the material than found in the 
unidirectionally oriented films (2). The process of biaxially 
orienting the plastic film invariably increases the tensile 
strength in the MD while decreasing the 3 elongation. This 
general behavior has been observed in the different polymer 
films with minor variations. It has also been observed that 
the film produced by the blown film extrusion process, if 
properly control led, produces near isotropic properties of 
the material, whereas the tentering of the film leads to 
anisotropic material properties. 
Theory of Polymer Orientation 
The polymer orientation is associated with the movement 
of polymer chains, their orientation and their temperature 
behavior. It is also dependant on the material response to 
process variables and the shrinkage behavior of the material. 
In the stress-induced orientation, polymer chains are 
displaced by hot stretching or drawing the bulk material, 
from a completely random entanglement into a more orderly 
arrangement parallel to the direction of stretch, as shown in 
Figure 6. When chain straightening occurs, and with closer 
packing that accompanies the molecular alignment, mutual 
attraction force between these chains increases. These forces 
are particularly large if the chains are symmetrical and/or 
strongly polar. This increase in the force of attraction and 
r;----------
Source 
' ' ' ' ' 
Ward I. M. ,"Structure and Properties 
of Oriented Polymers", Ch. l, Page l 7, 
Figure 7 
Figure 6 : Single Crystal and Chain Folding 
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the unfolding of the polymer chains, result in the increased 
tensile strength and elastic modulus, which in turn imparts 
anisotropic properties to the polymers (4). This crystal l iza-
tion of the polymeric material i.e. the molecular orientation 
during stretching, takes place in the fol lowing manner, 
Below the glass transition temperatures (Tg), polymer 
chains are rigid. However at the glass transition temperature 
these chains gain a degree of freedom and become suceptible 
to unfolding at higher stress. If the mass of randomly 
entangled and coiled chains is at a temperature (above Tg) 
where it may be drawn, such as in biaxial stretching, then as 
the stress is applied, the polymer chains disentangle and 
straighten and slip past one another. 
There are three components to this process: 
El is the instantaneous elastic deformation caused by valence 
angle deformation or bond stretching, and is completely 
recoverable when the stress is removed; E2 is the molecular 
alignment deformation caused by uncoiling, resulting in the 
linear molecular arrangement paral lei to the surface which is 
frozen into the structure when the material is cooled; E3 is 
the nonrecoverable viscous flow caused by the molecules 
sliding past one another. E2, the orienting component, is the 
one desired to be the major component of the stretching 
process (4). 
On the basis of the above theory, some general rules 
for orienting polymers by stretching can be set forth : 
I. The lowest stretching temperature above Tg wil 1 give the 
greatest orientation and greatest tensile strength at a 
given percent and rate or stretch as shown in Figure 7. 
2. The highest percent stretch wil 1 give the greatest 
orientation at a given temperature and rate or stretch. 
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The orientation or the Film could be very benericial in 
the case or polypropylene material. A non-oriented Film at a 
subzero temperature behaves in a very brittle manner and 
tends to shatter on impact. On the other hand, biaxially 
oriented Film remains Flexible at a low temperature (3). 
The property that varies signiricantly is the dimen-
sional stability. All the polymeric materials have a unique 
tendency to shrink at a temperature between the glass 
transition temperature (Tg) and the melting point temperature 
(Tm). The amount or shrinkage and the temperature or 
shrinkage initiation depends on the previous stretch and the 
annealing history or the Film as shown in Figure 8. 
It is also observed that as the density or the polymer 
increases, hardness, abrasion resistance, tensile strength, 
rigidity, heat resistance, chemical resistance and surrace 
gloss also increases. Whereas decreasing density leads to 
increase in toughness, stress-crack resistance, clarity, 
rlexibil ity and elongation. Decrease in the density also 
reduces creep Failure and mold shrinkage. 
Shrinkage behavior or Oriented Amorphous Plastics 
Oriented polystyrene Film typiries the behavior or 
biaxially oriented non-crystal 1 ine polymers. This material, 
17 
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Figure 7 : Temperature and 3 Elongation Effect on 
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Figure 8 : 3 Shrink vs. Film Temperature 





Source Park W. R. R., "Plastics Film Technology", Ch. 2: 
Method~ of Manufacturing, Page 30, Figure 2.20 
Figure 9 : Orientation Loss on Heating for 
Polystyrene 
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on gradual unrestrained heating, shows only a thermal 
expansion until the glass temperature, Tg, is reached. At the 
temperatures above Tg, the material wil 1 shrink and the rate 
or shrink increases with an increase or temperature. 
When a sample or biaxially oriented polystyrene Film 
is heated and restrained From shrinking, it loses orientation 
as shown in Figure 9. Also a restrained sample shows an 
orientation release stress when heated. That is the material 
exerts a positive pul 1 on the restraining clamps in its 
attempt to shrink. The magnitude or this released stress is 
related to the original Film stretching condition and this 
released stress is the characteristic or the orientation 
level (4). It is to be noted that it is not possible to 
stabilize this oriented Film or amorphous material against 
the shrinkage above the glass transition temperature. 
Shrinkage Behavior or Oriented Crystal I ine Plastics 
The main dirrerence between the crystalline and the 
noncrystal 1 ine polymers in oriented Form is that the 
crystal line polymers can be stabilized against gross 
shrinkage above their glass transition temperatures. Thus we 
can have two Films or the same material, same degree or 
orientation but with greatly dirrerent shrinkage properties. 
For example, ir polyethylene terephthalate is melted 
at 290 c and then rapidly quenched to below its Tg, 69 c, an 
essentially amorphous material is obtained. IF it is rapidly 
stretched at 90 c and then quenched, this material shows 
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essentially the same behavior on reheating as the oriented 
polystyrene i.e. when heated unrestrained above Tg, it starts 
to shrink, and its shrink rate increases to a maximum value 
as the original stretch temperature is either approached or 
exceeded. Under these conditions the polyethylene 
terephthalate behaves like any other amorphous material. 
When an extra processing step is introduced into the 
forgoing melt, quench, heat, stretch, and quench sequence, 
the film can be obtained which gives the identical physical 
properties as that at the room temperature but with 
negl igfble shrinkage at 100 c. This extra step involves 
restraining the film and heating the film to 150-225 c, and 
then quenching as before. This heat treatement stabilizes the 
film for a better heat shrinkage characteristic (5), thus it 
is possible by heat treatment of the crystallized polymers to 
control the shrinking problem above glass transition 
temperature as shown in Figure 10. 
A second important factor in stabilization of 
crystal 1 ized polymer is the difficulty of amorphising 
crystalline film. Thus for each oriented crystallized 
material the relationship between temperature and rate of 
crystallization should be known. 
Mechanical Behavior of Polymeric Films 
The variation of the modulus of elasticity with respect 
to the temperature is shown in Figure 11. In the glassy 
region, the long polymer molecule is frozen, with the atoms 
Source 
h_.-1 ',i~f"• ':otf t'°f ... Jti I/" 
(itJi ,,i cJt :'0';( 1 
l/1cat <,0tlen1ng po11 it 
(,n oc) 
Ladbury J. W .• "Production. Properties and 
Packaging Applications or Polyethylene Film", 
Page 24, Figure 2. 1 
Figure 10 Er-feet or Crystal linity on 
Properties of Polyethylene 
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vibrating about fixed positions as in any rigid sol id (3). 
In the transitional leathery region, where the modulus 
is changing rapidly with temperature, short range diffusion 
of the segments of the polymer chain takes place, but any 
movement is restricted to individual atoms or two or three 
neighboring atoms and the molecule as a whole does not move. 
In the rubbery region, the modulus is fairly constant. 
Here the short range motion of the polymer segment occurs and 
the cooperative movement of the adjacent segments takes place 
rapidly. 
In these three regions, glassy, leathery and rubbery, 
the Young's Modulus of Elasticity of commercially available 
polymers is independent of the molecular chain length. In the 
rubbery flow region, the motion of molecules as a whole 
becomes important as a result of slippage of entanglements, 
while in the leathery region of flow, changes in the entire 
molecule takes place quicker than the rate of test and there 
is little elastic recovery at this time scale. 
The Modulus of Elasticity in case of polymers is rate 
dependent, because the major changes in the modulus take 
place due to the molecular activity occurring at the large 
magr1itudes at rates faster than the test rates. The Figure 12 
shows the variation of the Modulus of Elasticity with respect 
to the temperature and the rate of test. In this figure the 
graph surface is decided by the material properties such as. 
the crystal 1 inity of the polymer. secondary glass transition 
temperature. cross 1 inking of the polymers and the rate of 
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test performed. It is clear from this graph that the 
relationship between the modulus of elasticity and the 




As discussed earlier the anisotropic material properties 
of the web are the function of the method of manufacturing. 
In the case of paper webs the material of the web and the 
coating used influences the material properties more than the 
manufacturing process itself. The anisotropic properties of 
the paper webs are generally associated with the moister 
content of the paper, thickness of the paper and the 
paper quality (roughness). All these factor are indirectly 
control led by the process used for the manufacturing of paper 
webs. Also the mechanical behavior of the paper web is 
directly related to the type of raw material used, for 
example the type of wood or grass used. 
Paper consists largely of pure cellulose fibers. which 
have been seperated from other components which constitutes 
various types of wood. These individual and seperate fibers 
are recombined to give paper of various qualities. The wide 
spectrum of paper properties which are available result from 
a great variety of raw materials, additives. processing, 
coatings and finishing variables that can be used (4). The 
conventional papermaking process is shown in the Figure 13. 
SEATER ADDITIVES 
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Source Park W. R. R., "Plastics Film Technology", Ch. 2: 
Methods of Manufacturing, Page 10. Figure 2.1 
Figure 13 Conventional Papermaking Process 
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The paper processing variables associated with the paper 
making process are given in Table II. 
TABLE II 
PAPER PROCESSING VARIABLES 
1. Material Type Newsprint, Coated Paper, Kraf"t 
2. Ro l l er Material Steel , Aluminum, Rubber, 
Coated (Moly/Tungsten). 
3. Speed 2000 - 8000 f"pm 
4. Tension 1 - 10 pl i 
5. Web Width 100 in. - 300 in. 
6. Ro l l Diameter 36 in. - 108 in. 
A 1 um i n um F o i l 
Most of" the metals can be made into thin roils by 
adapting of" steel rolling techniques. So Far, only aluminum 
roils have been round widespread utility. This material, in 
thicknesses down to 0.0002 in., is widely used in packaging 
because, when properly handled, it is completely impermeable 
to water, gases, odors and solvents. The thinner gauges, by 
themselves, are quite weak and easily ruptured, but when 
combined with plastic -films such as polyvinyl idene chloride 
or polyester, or when extrusion coated with polyolef"ins they 
become Functional packaging materials that provide the best 
possible barrier (4). 
Aluminum roil is made by passing hot sheet through a 
series or hot. highly polished, precision Finished metal 
roll nips or ever decreasing nip opening until the desired 
Final thickness or roil is obtained. 
Foil is generally made From nearly pure aluminum. Some 
grades will be alloyed with up to 1-1.53 manganese where 
higher strength is needed. 
Depending on the degree or tempering and chemical 
composition. roils are generally made within the Ultimate 
Tensile Strength or 10000-30000 psi. 
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CHAPTER III 
EXPERIMENTAL ANALYSIS STATIC AND DYNAMIC 
As a part of the basic understanding of the web handling 
process, the behavior of the web material itself, in the 
static and dynamic modes, must be clearly understood. This 
fundamental understanding involves the measurement of the 
mechanical properties of different web materials, and an 
understanding of the directional anisotropy of these web 
materials. It is also concerned with the propensity of the 
different web materials to exhibit the wrinkling instability. 
The effects of the aspect ratio on the wrinkling instability 
in the web processing should be clearly defined. 
The wrinkle formation may be related to the elastic 
properties of the material and possible anisotropy of the 
modulus of elasticity. It may also be related to the 
elastic-plastic transition characteristics of the web 
materials. The speed and the tension effects coupled with 
the material properties are investigated. This provides the 
basic information base required for the more realistic 
computer modeling of the static and dynamic web. Static and 
dynamic testing of web materials was performed to provide 
this information. 
The static tests involved the tensile testing of the web 
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materials in specially designed grips to determine the 
stress-strain behavior in both the elastic and the plastic 
regions or the web material, under the different conditions 
oF strain rate. The dynamic testing was concerned with the 
behavior of a web moving at low speed across a pair of 
rollers under various loading conditions. Both the static and 
the dynamic tests were performed on the Materials Testing 
(MTS) machine as shown in Figure 14. 
DiFFerent materials were tested with variations in the 
thickness and orientation to determine their efrects on the 
static tests. The variations in the load and speed were 
perrormed on various materials in the dynamic tests. 
For both the static and dynamic tests the MTS machine 
was used with a 500 lb. load cell and an HP plotter. The high 
sensitivity of the 500 lb. load cell was sufricient to 
monitor any load variations. 
Static Tests 
The static tests were performed on the polypropylene, 
polyethylene, aluminum Foils and the paper materials to 
determine the material eFFects on the wrinkling instability. 
These static tests were performed according to the ASTM (8,9) 
standard 0882-83 for the tensile testing or thin plastics. 
The grips used For the static tests were specially designed 
and the rubber linning material was chosen according to ASTM 
specification given in the standard. According to the 0882-83 













Schematic Diagram of Machine Setup. 
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These samples are basically straight strips or material 
without any reduced area. 
3 1 
During the testing or these samples it was observed that 
this specimen size was satisractory ror a 0.042 in. thick 
material (taken rrom an early stage or the web process), but 
provided insurricient data ror the 1.43 E -03 in. thick 
(taken rrom the rinal rol 1 or the material) sample. This 
conclusion was drawn rrom the Fact that successrul tests were 
obtained with 90-953 or the thicker samples, resulting in 
very good repeatable results. Only 5-103 or the thicker 
samples railed due to end errects when statically tested, 
whereas almost 503 or the thinner samples railed either by 
the end errects or by the edge errects giving inaccurate 
results or little property inrormation. 
The variations in the dimension were tested and optimum 
sample dimensions were round to be 7.0 in. X 4.5 in. ror the 
samples taken, in the direction or stretching, see Table III, 
and 4.5 in. X 4.5 in. ror the samples taken in the direction 
perpendicular to rolling. These two dimensions were round to 
be optimum because with these dimensions 803 or the tests 
provided large strain mechanical bahavior, where the produced 
results were comparable and predictable, with 203 or the 
samples railing by end errect or edge errect. 
When a sample rails in a distance or about 203 rrom the 
end or one or the grips and very close to a grip it is cal led 
as an end errect. An end errect could be due to a variety or 
causes, such as improper gripping or the sample, misalignment 
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TABLE III 
STATIC TEST SPECIMEN SIZES AND MATERIALS 
Sizes 
L X w Materials 
in. 
1. 7.0 x 4.5 Polypropylene (MD) 
4.5 x 4.5 Polypropylene (TD) 
2. 7.0 x 5.0 Aluminum Coated Paper (MD) 
5.0 x 4.0 Aluminum Coated Paper (TD) 
3. 8.0 x 1. 0 Paper, Polyethylene (MD) 
4. 9.0 x 9.0 A l um i n um F o i l (MD and TD) 
or the chosen specimen, misalignment or the grips, torsional 
eFFect by the grips, poorly chosen strain rate, sudden 
loading or the specimen, internal void derects, tear 
initiation sites or inappropriate sample size chosen. 
The edge errect in a Film is usually associated with the 
inaccurate cutting or Film leading to premature tear 
initiation site. 
The grip and specimen setup used For the static testing 
is shown in Figure 15. The ,grips were specially designed and 
lined with the rubber pads to give a better Frictional 
traction to avoid slippage or the sample in the grips and to 
avoid derorming or crushing the sample. To make the sample 
100% slip proor masking tape was used at the end of the 
specimen. 
In Figure 15, the grip # 1 is stationary and is connected 




Load Cell End 
Grip #1 (fixed grip) 
Specimen 




Grips and Specimen Setup For Static Test 
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movable and is connected to the hydraulic ram. The hydraulic 
ram moves at a rate oF 4.2 E +02 Hz/sec. to give a speed oF 
2.38 E -03 in/sec. This crosshead speed was chosen according 
to the MTS machine speciFications For the sample sizes chosen. 
During the static testing oF the sample the grip 2 moves 
continuously with a unirorm crosshead speed and the material 
starts to elongate. Initially the elongation is unirorm 
throughout the specimen length and as the elongation 
continues the specimen starts to neck down in the center 
portion oF the sample and continues elongation, ultimately 
leading to Fracture. 
During this process or loading the sample, a hold 
capability is available on the MTS machine which could be 
used to stops the hydraulic ram. This is very errective in 
accurately calculating the scale or the load vs displacement 
graph. It can be used with metal roils with accuracy; but it 
cannot be used with the polymeric materials as the polymers 
have a tendancy to exhibit stress relaxation, a time 
dependant phenomenon where the load level will reduce with 
time at a constant strain. Due to this peculiar phenomenon 
or the polymers, during the static tests only the initial and 
the Final readings were available For sealing or the load vs 
displacement graph leading to a minor error or sealing. These 
load vs displacem~nt graphs were then modiried as stress vs 
strain graphs. As the instantaneous values or the width and 
the thickness reductions were not available these are 
basically engineering stress vs engineering strain graphs. 
The true stress-strain prediction is also given which is 
based on the calculation of the true stress value for 
fracture and the actual width and thickness reductions 
associated with it. 
Dynamic Tests 
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A test setup was designed and constructed to perform the 
dynamic tests on the MTS machine, as shown in Figure 16. The 
apparatus consists of a hanger, connecting one roller to the 
load eel 1 of the MTS machine, a set of the rubber-1 ined grips 
attached to the ram, and a channel bracket with a second 
roller constructed to provide a five foot span between the 
rollers. 
A strip of material, see Table IV, is held in the grip 
which is attached to the hydraulic ram of the MTS machine. 
This strip of web material then passes over the first roller 
connected to the load eel l and then over the second roller to 
which the loads are attached. This gives a free span length 
of about 5 ft. and an angle of wrap of about 90 degrees. 
This angle of wrap and span length were kept constant 
throughout the study. 
The cyclic motion of the ram was used which enabled the 
dynamic testing of web at different low speeds. These low 
speeds were used to give a fundamental idea of the parameters 
involved in the dynamic process. The effects of tension in 
the web were observed by varying the loads supported by the 
web. 
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Figure 16 Dynamic Test Equipment used with MTS Machine 
TABLE IV 
DYNAMIC TEST SPECIMEN SIZES AND MATERIALS 
Sizes 
L X W 
1. 7.0 ft. X 4.5 in. 
2 • 7. 0 -ft • X 5 • 0 i n. 
Materials 
Polypropylene, Aluminum foil 
Aluminum Coated Paper 
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A 1 ight source was used during the dynamic tests for the 
detection of the waves, their relative amplitude and the 
wavelength. 
The dynamic tests involved testing of the fol lowing web 
materials: polypropylene, aluminum coated paper, aluminum 
foil . 
CHAPTER IV 
OBSERVATIONS AND RESULTS 
The results of the testing of the various web materials 
produced information of the modulus of elasticity, yield 
strength, tensile strength and the elastic-plastic transition 
characteristics in each case of the static testing. This also 
provided a means for comparing the effects of the orientation 
on these properties of the web materials. 
Static Tests 
The static tests resulted in a sound knowledge base on 
the mechanical properties of the web materials, such as yield 
point behavior of the web, the directional anisotropy (MD and 
TD) associated with the web and the stress-strain values 
associated with the formation of the waves. The formation of 
the waves in the static mode could be associated with the 
tensile behavior of the web material and better explained by 
the stress-strain graph. 
The engineering stress-strain graph, see Figure 17, for 
the polypropylene material is divided into three parts: the 
elastic region (I), elastic-plastic region (II) and the 
plastic region (III). Each web material (polymers, papers and 
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Figure 17 Engineering Stress - Strain Diagram 
ror Polypropylene (MD) 









Engineering Stress - Strain Diagram 
ror Polyethylene (MD) 





When the material is placed in the grips and loaded. 
its elongation starts in a uniform manner. In the elastic 
region. when the material is unloaded, it returns to its 
original shape. In the case of metals this elastic region is 
quite dominant, whereas in the polymers it is very narrow and 
generally it cannot be distinctly marked. In polypropylene 
material this region occupies the initial 103 of the 
elongation as shown by region I in Figure 17. 
Elastic-Plastic Region 
As the material reaches the 1 imit of the purely elastic 
response, additional loading leads to a permanent strain in 
the material when unloaded. Elastic spring back stil 1 occurs, 
but the material no longer returns to it's original 
dimension. This is region II on the stress-strain diagram as 
shown in Figure 17. 
Plastic Region 
In the region III, in Figure 17, the material undergoes 
a large strain, with a high degree of permanent deformation. 
Necking of the material is often observed, particularly in 
the thicker specimen (0.042 in. thick) in this zone. This 
type of deformation accounts for 853 of the total elongation 
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Figure 19 Engineering Stress - Strain Diagram 
of Polypropylene (TD) 
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Engineering Stress - Strain Diagram 
of Aluminum Coated Paper 
Size 7. 0 X 5. 0 in. (MD) 
: 5.0 X 4.0 in. (TD) 
S psi 
0.014 e in/in 
Engineering Stress - Strain Diagram 
of Kraft Paper (MO) 
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Engineering Stress - Strain Diagram 
or A 1 um i num Fo i 1 
S psi 
S i ze 9 . 0 X 9 . 0 i n • (TD ) 
: 6.0 X 9.0 in. (TD) 
/__. l2xl2 
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0.028 0.044 e in/in 
Engineering Stress - Strain Diagram 
or Aluminum Foil 
Size:12.0 X 12.0 in. (MO) 
: 9.0 X 12.0 in. (MO) 
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One of the important observations made during the static 
test of polypropylene material was, that when the test 
specimen was loaded in tension, it lead to wave initiation at 
the center of the sample. These waves then spread out as the 
tension was increased as shown in Figure 25. It was observed 
that these waves were initiated at 3650 psi, after the 
necking down of the polypropylene film occured. The unloading 
of the sample at this stage indicated a buckling type of 
permanent wrinkles. Two type of waves were observed, one 
after the necking down and the other after relaxation. The 
waves produced after necking could be explained with the help 
of the anisotropy of the material and waves after relaxation 
could be justified by the buckling solution. 
The polypropylene, polyethylene, aluminum foil, aluminum 
coated paper and kraft paper were tested in the static mode 
and their anisotropic properties in MD and TD were evaluated. 
These properties alongwith the observations made are given in 
Tables V and VI. 
It should be noted that the paper materials tested do 
not show any wrinkling during the loading or unloading of the 
sample. No wave initiation was observed the for thin or thick 
paper films, for these geometries and loads. 
The material is said to be isotropic when the material 
properties are identical or uniform throughout the sample and 
are independant of the direction of testing. The material is 
reffered to as an anisotropic material when its properties 
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Static Test Behavior or Polypropylene and 
A 1 um i num F o i l 
45 
46 
Figure 26 Necking Errect in Polypropylene Sample 
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shows different directional properties. Al 1 the materials are 
anisotropic but the degree of anisotropy differs from 
material to material and from the process of manufacturing, 
as discussed earlier. The polypropylene material was tested 
in the direction of the rolling and in the direction 
perpendicular to rol I ing. From Tables V and VI it is clear 
that the polypropylene material has a high degree of 
anisotropy in MD and TD. The variation in the property is 
about 703 for the Young's modulus of elasticity i.e. 
E (TO) = 0.7 E (MO). 
From the data it can be observed that the polypropylene 
drawn material shows about 303 variation in the tensile 
strength in MD and TD. The lower tensile strength (10500 psi) 
in TD can be easily explained. During the drawing process, 
the grain growth and the moleculer structure gets oriented in 
the direction of drawing. This directional structure leads 
to a poor tensile strength in the transverse direction. As 
the tensile load is applied to the sample in the direction 
perpendicular to rolling, the tear initiates at the edge of 
the sample and propogates along these oriented molecular 
chains giving a shear failure of the sample. Along with this 
lower tensile strength, a lower modulus of elasticity 
(247000 psi) is also observed. This indicates that the slope 
0f the stress-strain curve is lower in the TD. This lower 
modulus of elasticity leads to longer elastic-plastic zone 
leading to more relaxation of the material in the direction 
perpendicular to rol I ing during the rol 1 ing process. 
TABLE V 
STATIC TEST EXPERIMENTAL DATA FOR LONGITUDINAL TESTS 
l'MTIRIAL Sl'El'.::IMEN 'IENSILE ,· Mlil1JS ro1111NIB 
SIZE SIRFNml CF 
LXW psi El.ASTICl1Y 
in psi 
F'llypropylene 10.0 x 1.0 5.54 E +04 2. 738 E +05 Color variations 
(Thick) frim Clear to Mi !Icy 
11t Neck; 
No Wnves 
e.o x 1.0 1.01 E +05 2.276 E +05 Sarre 
Polypropylene 9.0 x 1.0 2.98 E +04 8.176 E +05 She11r Failure 
(Thin) No Necldng 
7.0 x 4.5 !. 23 E +04 4.350 E +05 Color Clear; 
Nee''< i fl\:' and W!lve 
Initiation at the 
Center I.k>uble Sheu 
Failure Cbserved 
Polyethylene 8.0 x 1.0 5.59 E +03 2.355 E +04 Uirge Elongation; 
V11ri11tlons fr<m Cle11r 
to Milky at ~lq 
No 'Wllves 
I'll per 7 .o x 2.1 1. 79 E +03 1. 79 E +05 No Necking 
Tenring of Pftper 
Ckeured 
No Waves 
TABLE V (CONTINUED) 
Altrnimrn Coated 7.0 x 5.0 1.03 E +04 3.34 E +05 No Necking 
Paper Teerini; of Pnper 
Cbserved 
No Waves 
Alunimrn Foils 12.0 x 12.0 5.01 E +03 J.81 E +05 Initiation or Waves 
in the Center Spre11d 
Qit es the Te~t 
Proceeded and I of 
waves Increased 
without lncreesi n<? 
/rrpl i tude 
9.0 x 12.0 4.73 E +03 1.07 E +05 No W11ves 
Fl11t Tearing Peilur~ 
6.0 x 12.0 4.77 E +03 9.29 E +04 SIJrre 
TABLE VI 
STATIC TEST EXPERIMENTAL DATA FOR TRANSVERSE TESTS 
M\TIRIAL SPOCJMl'N TENSILE Mil.lUJS 
SIZE smaurn CF 
LXW psi EUSTICl1Y 
In psi 
Fblypropylene 10.0 x J.O 
8.0 x 1.0 
Polypropelene 4.5 x 4.5 I. 30 E +04 2.47 E +05 
(Thin) 
Al uni nun Coated 5.0 x 4.0 7.68 E +03 1.68 E +05 
Paper 
All.ml mm Po 11 6.0 x 12.0 4.22 E +03 4.80 E +04 
9.0 x 12.0 4.58 E +03 1.05 E +05 
6.0 x 9.0 2.61 E +03 4.35 E +04 
9.0 x 9.0 4.22 E +03 8.93 E +04 
n:Ml1mfS 
Color Variation fron 
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The dynamic tests performed on the polymeric materials, 
metal foils and the paper materials were associated with the 
speed and tension effects on these materials. The results 
obtained from these tests provided a means of comparing the 
dynamic effects on the material properties with those of 
static effects. Also a valuable data base is obtained on the 
number of wrinkles formed w.r.t. the tension in the web and 
the speed of the web. The samples were loaded from 1 lb. to 
20 lb. in tension and the speeds were varied from 32 in./min. 
72 in./min. 
During the dynamic tests observations were made of the 
web in the span between the grip and the roller connected to 
the load cell, the span between the two rollers and the span 
between the load end grip and the second roller as shown in 
Figures 27, 28 and 29. 
The polypropylene material in the dynamic mode resulted 
in a variety of data related to the number of waves and the 
speed or tension in the web and the number of wrinkles and 
the speed or tension in the web. As the load of 10 lb. was 
applied, wrinkles were generated in the span of the grip and 
the roller connected to the load eel 1. These wrinkles when 
passed over this roller were spread out. 
Table VII gives the details about the speeds and the 
tensions in the web with their relative effect on the 
individual materials. Figures 30 and 31 also gives a 
pictorial view of the effects. It is clear from the Table VII 
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Figure 27 Vertical Web at Loaded End 
Figure 28 Waves in Central Span of Web 
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Wrinkles ere waves that cross rollers. 
TABLE VII 




lb & lb/sq. In. 
I lb& 153psl 
5 lb & 766 psi 
10 lb&: 1532 psi 
15 lb & 2299 psi 
20 lb &: 3065 psi 
I lb&: 13.7 psi 
5 lb & 69 psi 
ID lb & 137 psi 
15 lb &: 2D7 psi 
20 lb & 276 psi 
I lb&: !B psi 
5 lb &: 463 psi 
ID lb &: 926 psi 
15 lb &: 1389 psi 




A, the spee<:I o( the r""' WllS lnert!t!sed, 
\'MVes were initiated io the central •nan 
end increRsed in no. in Rccordenee with 
the speed; hut these l"IVP.s ""1re not 
permanent. 
As the tension in wetl was Increased the 
wrinkles were generatf'd at the r1111 grip 
end and passed over the roller. llle•e 
wrinkles were oertlally perrrenent. 
N:> wrinkling lnste!)ility was observed !)ut 
when ram direction WRS altered, a surge 
wave was generated which dissppe11red 
after stablli7.Rtlon. 
Altmimm foils show alnn~t ssre nature a~ 
that of Polypropelene e~cept that s1>4'ed 
i ncreeses numer of wr i nl<les prod'uced and 
both speed and tension produce 
permenent wrinl<les. 
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Figure 31. Dynamic Test - Tension Effect U1 O"I 
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as the speed or the polymeric web increases ror the unirorm 
loading condition or 10 lb., the number or waves generated 
also increase and as the speed or the web reduces ror the 
same loading condition the waves reduce in number these waves 
are not permanent in the web material. The load variations 
were considered ror the speed or 40 in./min., as the tension 
in the web increases the number or waves generated also 
increase, and as the load reduces rrom 20 lb. to 10 lb. the 
number or waves generated donot reduce i.e. the wrinkles 
produced due to the load variation are mostly permanent in 
nature with some wrinkles being temperary. 
These static and dynamic test observations were helprul 
in the computer simulation or these cases and were correlated 
to the results obtained by the computer simulation. With the 
help or these tests the wrinkling behavior is also explained. 
CHAPTER V 
COMPUTER MODELING 
The experimental analysis resulted in a data base 
indicating the possible relationship between the wrinkling 
fnstabi l ity and the effects of different variables such as 
the material of the web, geometry of the web sample, elastic 
anisotropy of the web, thickness variations in the web 
material, out of plane deformations, aspect ratio and the 
stress distribution in the web sample. The finite element 
(FEM) computer model was develop~d to further investigate the 
effects of these variables on the wrinkling instability. 
The FEM analysis is used for analysing the web behavior 
in the static and dynamic modes. FEM is used for the nodal 
and elemental analysis and results in the stress-strain data 
on the elemental basis. This FEM is easily applicable to the 
2-0 and the 3-0 models. The 2-0 model uses the area elements 
with thickness incorporated in them, whereas the 3-D model 
considers the volume elements for the evaluation of the 
problem. The 2-0 model does not consider the thickness 
variation effect while the 3-0 model is capable of evaluation 
of the thickness changes associated with the model. Also with 
the FEM approach once the code is developed for the geometry 
in consideration, minor changes in the code result in the 
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evaluation of the variables such as the material anisotropy, 
aspect ratio and material properties. Also different boundary 
conditions could be applied to simulate the different types 
of cases related to the web processing. 
The NASTRAN software package developed by NASA for 
structural analysis was used on the International Business 
Machine (IBM 3081k) computer. NASTRAN has the capability of 
incorporating the anisotropic properties of the material 
within the elastic region. This software was used to perform 
the static and dynamic analysis simulation (10). 
NASTRAN does not determine the material behavior in the 
permanent deformation region i.e. plastic region. Therefore, 
the computer modeling is limited in terms of material 
behavior, to the elastic deformations, identifying those 
areas that are surpassing the elastic limits into the plastic 
region. 
The fol lowing two types of models were developed using 
NASTRAN; a 2-D model of single plane of elements as seen in 
Figure 32, and a 3-D model with multiple elements through the 
thickness as seen in Figure 34. 
Static Test Model 
The static test model was developed using displacement 
boundary conditions and it is a simulation of the static test 
performed on the MTS machine for the tensile properties of 
polymeric materials and aluminum foils. The Figure 32 shows 
the static test model used with the boundary conditions 
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imposed on the model. The nodes of the model on one end were 
constrained to permit zero displacement in any direction 
representing the experimental tests where the specimen is 
fixed at one end in the grips without any possible motion. A 
fixed displacement, using single point constraint was imposed 
on the nodes of the other end of the model constraining these 
nodes to motion in the direction of pul 1 ing only. By using 
these displacement boundary conditions, see APPENDIX C for 
complete code setup, the deformation pattern and stress 
distribution pattern were observed. 
Z-D Model 
The static modeling of the tensile tests were involved 
with the samples tested on the MTS machine. These samples 
were of two sizes; thin samples 0.00143 in. thick and thick 
samples 0.042 in. thick. During the experimental analysis it 
was observed that the thin samples necked down without any 
thickness reduction (within 23) while the thick samples 
necked down with an observable thickness reduction. 
Due to these experimental observations a 2-0 model was 
developed to simulate the thin samples with the displacement 
boundary conditions as discussed above. Due to the tensile 
loading developed by these boundary conditions the center 
region of the sample necks down as shown in Figure 32. This 
necking down effect is symmetrical about the central axis and 
is in conjunction with the experimental observations. 
The stress values and the stress contors associated with 
Polypropylene sample in TD with 0.02 in. 
Displacement boundary condition in e.lastic 
Thickness = 1.43 x 10- 3 in. 
Aspect ratio = L/W = 5 · 0 4.5 
Figure 32. Undeformed and Deformed Shape of Static Test Model: 2-D Analysis 
Maximum Principle Stress= 1.92 x 103 psi 
angle of 0.689 radians 
Minimum Principle Stress = 
1.8 x 103 psi at an angle of 
1.162 radians 
L 
Fiqure 33. Maximum Principle Stress Contour Plot of Static Test Model: 2-D Analysis 
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this model are as shown in Figure 33. These are the stress 
cantors obtained on the undeformed shape of the sample for 
better understanding of the variation in the stresses after 
the tensile loading fs appl led. The stress variation of about 
10% is observed from the edge of the sample to the center of 
the sample. 
This 2-0 model was used with the material properties 
obtained from the experimental analysis for the polypropylene 
Film and for the aluminum foil. The material properties that 
were involved with this static 2-0 simulation were the 
Modulus of Elasticity, poisson's ratio and the density of the 
material. The Modulus of Elasticity for these two materials 
were obtained with the experimental tests performed on these 
materials. Also material anisotropy was incorporated for 
better understanding of the web material behavior. A thick 
(0.042 in. thick) sample tested experimentally was modeled 
using 3-0 volume elements . 
.i::.Q Model 
To get a clear understanding of the thickness effect a 
3-0 model was developed with displacement boundary conditions 
as discussed before. The three different sample thickness 
(0.00143 fn., 0.042 in., 0.084 in.) were analysed with the 
computer model. The deformation plot is shown in Figure 34. 
It was observed that the thickness variation associated with 
the thin sample (0.00143 in.), is negligible (less than 5%) 
indicating that the earlier assumption of using a 2-0 model 
Polypropylene sample in TD with 0.1 in. 
Displacement boundary condition in plastic 
Thickness = 0.042 in. 
Thickness variation = 10% 
Figure 34. Undeformed and Deformed Shape of Static Test Model: 3-D Analysis 
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for samples 0.00143 in. thick Is val id. The Figure 34 shows 
a necking down effect of the 3-D model which is similar to 
that obtained with 2-D model. 
The thickness variation of about 40% was observed during 
the experimental testing of 0.042 in. thick samples. The 
variation in thickness along the width was also observable 
for these sample during testing. In the 3-D modeling of this 
thickness a similar thickness variation was observed in the 
transverse plane. It was also noted that the thickness 
variation in this case was non-uniform and a partly wavy 
nature of thickness variation was observed. 
The stress distribution in the 3-D case was similar to 
that obtained with the 2-D model except that the stress 
variation was also observed across the thickness plane of the 
sample. The stress values associated with this model were 
maximum at the necked down center portion with reduction in 
stress along the boundaries. 
Dynamic Test Model 
This model was developed using the force boundary 
conditions and the displacement boundary conditions to 
simulate the dynamic tests performed on the MTS machine. The 
polypropylene film material (0.00143 in. thick) was used for 
the experimental tests and the same is modeled. As discussed 
earlier due to small thickness of the samples 2-0 analysis 
was chosen throughtout the dynamic modeling. 
In the case of dynamic model Ing of polypropylyne web the 
w Polypropylene sample in TD with uniform 
condition (20 lb.) 
L 
Figure 35. Undeformed and Deformed Shape of Dynamic Test Model: 2-D Analysis 
Maximum Principle Stress = 1.3 x 104 psi 
at an angle of 0.3522 radians 
Minimum Principle Stress= 1.17 
of 
Figure 36. Maximum Principle Stress Contour Plot of Dynamic Test Model: 2-D Analysis 
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force boundary conditions were used. As the rubber 1 ined 
grips are capable of applying a uniform force on the web in 
motion the uniform loading conditions were applied to the 
nodes on the web which were supporting this load. The web was 
also constraint from any rotary motion and was unconstraint 
in the translational motion in all the three directions. The 
boundary conditions applied are shown in Figure 35. The 
effect of the loading on the deformation of the web is also 
shown in Figure 35. The deformation associated with the type 
of loading appl led though smal 1 can't be neglected due to the 
stress values associated with these strains. 
The stress variations in the web were also observed in 
this model. The stress variations are similar to those 
observed in the static modeling of the web but the stress 
values are different in magnitude and are given in Figure 36. 
The stress is maximum at the cent~r of the web and reduces 
towards edges. 
For this dynamic analysis the polypropylene material was 
used with the properties obtained from the experimental tests 
performed in the static manner. The correlation of the model 
and the experimental analysis is obtained and is discussed in 
the next chapter. 
Models for Rel lers 
Bowed roller, concave roller and inclined roller were 
simulated by using an approximate force boundary conditions. 
Al 1 the data base for these models is given in Appendix C. 
CHAPTER VI 
DISCUSSION AND ANALYSIS 
This chapter is devoted to correlating the data obtained 
from computer analysis (2-0 and 3-0), experimental work and 
material effects and the comparision of the properties with 
the earlier 1 iterature. 
In the case of static tests performed on polypropylene 
material for different thicknesses (0.00143 in. i.e. thin and 
0.042 in. i.e. thick) it was observed that the thin web 
behaves differently with respect to the thick film. The thin 
film shows yielding with the width reduction and the wave 
initiation associated with the center portion of the web. As 
compared with this behavior shown by the thin polypropylene 
films the thick film yielding shows the width reduction and 
the color variation from transparent to opaque white. It is 
also accompanied by the thickness reduction along TD but does 
not show any wave initiation. In both these cases i.e. thin 
and thick film yielding the end effects does not show any 
significant effect on the behavior of the web material. From 
these observations it is necessary to further establish the 
transition thickness at which the material behavior changes 
from the near plane strain case <thick) to the plane stress 
case. This thickness effect is dependant on the manufacturing 
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process used as discussed in Chapter 2 and the material 
properties of diFferent web materials. 
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For the polypropylene, aluminum foils tested in both MD 
and TD the tensile properties are non-uniForm showing the 
anisotropic nature oF the material. The polypropylene film 
shows the tensile strength of 12300 psi and the yield 
strength of 3470 psi in the machine direction (MD). This 
material also shows the Young's Modulus of Elasticity as 
4.34 E +05 psi. In the case oF isotropic material the tensile 
strength is 6000 psi, yield strength is 3500 psi and the 
Modulus of Elasticity is 2.5 E +05 psi. These values are 
diFferent due to the anisotropic nature of the material 
produced due the tentering technique used, as discussed in 
Chapter 2. For the same reason the tensile strength of the 
polyethylene material tested is 6070 psi as compared with 
it's isotropic value of 4500 psi in the MD. For the kraFt 
paper tensile strength obtained by experimental testing is 
1630 psi while the isotropic value is 1000 psi. 
It was also seen that there is no correlation between 
the s/E ratio for MD and TD. For diFferent thicknesses 
this ratio leads to a range oF values varing from 0.30 t6 
0.45 For thick (0.042in.) samples in MD and 0.13 to 0.20 in 
TD, and 0.02 to 0.026 for thin (0.00143 in.) samples in MD 
and 0.03 to 0.074 in TD. This shows that as the thickness of 
the sample varies there is a variation in yield point stress 
and modulus of elasticity ratio in both MD and TD and thus 
the effect of the thickness on material behavior is to be 
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investigated. 
The wave generation in the polypropylene and the 
aluminum foils is associated with the geomerty of the sample 
i.e. the apect ratio, the tensile load applied and the 
material response to the loading conditions. As the length of 
the specimen was increased keeping the width constant the 
wave generation was observed. Also the loading associated 
with the wave initiation was in the elastic-plastic zone of 
the material. The polypropylene and aluminum Foils shows the 
wave initiation characteristics while the paper material does 
not show this property which could be associated with the 
poisson's ratio or the krart paper (0.35 to 0.49). 
Analysis or the static test and its model is done here. 
A polypropylene material of size 7.0 in. X 4.5 in. was 
tested experimentally and it was observed that it gives wave 
initiation at the center portion when pulled. A NASTRAN model 
For this case (2-0) shows similar necking down efrect at 
the central span or the specimen. Also as expected it gives a 
high stress concentration point at the center or the sample 
where the sample is necked down. This can also be explained 
by theory of true stress-strain in engineering materials. 
When a sample necks down the load required to continue its 
elongation or Further necking reduces considerably but the 
true stress associated with this necking is considerably high. 
As sample necks down, the area supporting the load 1-educes 
leading to high concentration of stresses at the necked down 
region as obtained from computer model and experiments test. 
The elongation associated with this size model was in 
accordance with the elastic range oF the stress-strain 
curve. 
For the elongation oF 0.02 in. i.e. engineering strain 
oF 0.004 in/in. the stresses obtained by calculation and by 
model showed smal I variations with each other For the true 
stress value. Also the engineering stresses calculated From 
this computer analysis were compared to the experimentally 
obtained graph oF engineering stress-strain; the model acts 
as an exact replica or experimental work and can be 
substituted For the experimental work in the elastic range. 
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For an elongation oF 0.05 in. i.e. engineering strain oF 
0.01 in/in. when the engineering stresses calculated From the 
computer model and From experimental engineering stress and 
strain curve were compared, it was round that the computer 
model deviates From the actual experimental values. The 
reason For this deviation lies in the Fact that For this 
elongation or the web material (polypropylene) stresses in 
the material are in the transition zone or elastic-plastic. 
This model can not be used to solve the problem beyond the 
elastic range or material. NASTRAN use should be limited For 
elastic portion only and a new code should be developed to 
model the elastic-plastic region or material. 
To strengthen the above view one more derormation was 
modeled. When elongation given is 0. I in. i.e. an engineering 
strain or 0.02 in./in., the engineering stress obtained by 
computer model is signiricantly diFFerent (50%) to the stress 
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value obtained by experimental work. 
In both the above cases (0.05 and 0.1 in. elongation) 
when elastic 1 ine on the curve is extended. the value of the 
stresses obtained matches with a very smal 1 error (53 to 123). 
Sample calculations of the above analysis are given here 
for a better understanding for the elongation of 0.02 in. 
By calculation : 
True Strain= e(t) = ln (le/ lo) = ln (5.02 I 5.0) 
= 0.004 in/in. 
Young's Modulus of Elasticity = E = 4.35 E +05 psi. 
True Stress= s(t) =EX e(t) = 1740 psi. 
By computer model 
True stress= s(t) = 1900 psi. 
Original Width = w = 4.5 in. 
Reduced Width = w(r) = 4.49 in. 
Engineering Stress = s = s(t) X w(r) I w 
~ 1890 psi 
By experimental test : 
Engineering Strain= e = (le - lo) / lo 
from graph we have. 
= (5.02 -5.00) I 5.00 
= 0.004 in/in. 
Engineering Stress = s = 1800 psi 
% error calculation : 
% error between calculation and NASTRAN model = 7.93 
% error between calculation and experimental test = 3.33 
3 error between NASTRAN model and experiment = 4.763 
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The stresses obtained by this NASTRAN model also partly 
reflect the reason for central wave initiation in the static 
model. A close look at stresses and stress contours show that 
the normal stresses are not uniform throughout the specimen. 
A higher stress value is associ~ted with the central region 
of sample 1917 psi. The stresses get reduce towards the edges 
(1800 psi) and boundaries (1830 psi). When the sample is 
pulled through a certain distance it goes into the plastic 
region from initial elastic region. This transition is very 
critical. At a particular elongation the normal stresses 
associated with the edges or ends are in the elastic region 
whereas the stress values associated with central region of 
the specimen are In the elastic to plastic transition range 
forcing it to behave differently from other elements of the 
same sample. Also a similar case exists when the sample is 
further elongated. In this case the edges and ends are in the 
elastic-plastic transition zone while center portion is 
already in plastic range of material. This also leads the 
center region of the specimen to behave differently and gives 
a variable property. This phenomenon in the material sample 
is responsible for the variation in the properties in the 
different zones of the sample leading to the wave initiation 
in the central zone of the sample. In the experimental 
testing it was observed that the stres~ value associated with 
the wave initiation is about 5% after necking down of the 
specimen (2500 psi). 
Now we will consider the a 3-0 model of same size and 
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thickness (0.00143 in.). This 3-D model doesnot show a large 
thickness variation in the sample, and the results obtained 
are similar to a 2-0 model. From this analysis it may be 
concluded that for thin web samples 2-0 model serves as a 
good approximation. Also For such a thin sample the material 
acts as a plane stress case and has almost zero deformation 
in thickness plane. This was also clear From MTS machine 
static tests as no thickness variation was observed for thin 
samples. 
For the thicker models (0.042 in. or 0.084 in.) a 3-0 
approximation is closer to reality. Especially with a thick 
sample 1 ike 0.042 in. a significant thickness change is 
observed in the model and in the experiments. For this thick 
a specimen material no longer behaves as a plane stress case 
but tends towards a near plane strain case. In other words 
the in plane and out of plane deformations can no longer be 
neglected and the poisson's effect should be considered. This 
was clearly seen by naked eyes during the static tests 
performed. Due to poor stiffness of the thin samples the 
waves are dominant as compared with the thick sample. 
Waves fn the thin sample could also be associated with 
anisotropy of polymer. As mention earl ler in the experimental 
chapter polypropylene has a large anisotropy involved in the 
machine direction (MO) and transverse direction (TO). Young's 
modulus of elasticity in these two directions diFfer in value 
by about 303, MD has a higher modulus value than TD. This 
variation in the E value is associated with manufacturing and 
orientation process, due to alignment of the crystals in the 
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direction of rolling. As E (TD) is lower, the stress value 
associated with the yielding in this direction is also lower 
as compared to one in the machine direction by about 40%. 
This leads to an unusual phenomenon of elastic-plastic 
transition leading to wave initiation as explained earlier. 
In the case of isotropic material (Appendix C) the 
stress variations shown by the model though are similar in 
nature the variation in the stresses is about 23 which is 
significantly lower than that for the anisotropic material. 
Also due to higher yield point associated with the isotropic 
material in the TD the probability of wave initiation is less 
and due to higher Modulus of Elasticity value in TD the range 
of the elastic limit is increased and the elastic-plastic 
transition is delayed. Also in the case or aluminum roils due 
to lower modulus or elasticity the stresses associated with 
the center portion of the model are lower (253) than that 
obtained with polypropylene material. 
Dynamic test analysis involved the study or the errect 
or speed and tensile loading on the material. The spreading 
effect of the rollers was also observed during these dynamic 
tests performed on the polypropylene and the aluminum roils. 
This effect was not observed in aluminum coated paper. 
For the case or increasing tension the wave generation 
and wrinkle formation could be expiained by elastic-plastic 
region. When the tension starts exceeding the elastic zone 
in the transverse plane wave initiation starts and therefore 
leads to permanent wrinkles that cannot be spread out. 
CHAPTER VII 
CONCLUSION 
The extensive experimental study coupled with computer 
modeling resulted in a sound data base for the future 
researchers. Some of the important conclusions were drawn 
with the help of this study and should be a basis for further 
research in this area and these are given below : 
Thin film material definitely plays a major role in the 
initiation of waves. progressively changing into wrinkles. 
The polymers and aluminum foils below a certain thickness 
show this phenomenon but paper material does not behave in a 
similar manner. 
The web thickness appears to affects the wave generation 
characteristics, and there is a critical thickness at which 
the material response varies from near plane strain behavior 
in thicker films to a plane stress case in thin films. The 
thick material (0.042 in. thick) does not produce any waves. 
The thin film (0.00143 in. thick) materials produce waves 
which may progress to the formation of the wrinkles. The 
polymers and the aluminum foils exhibited this behavior for 
the thinner films tested. The paper material tested does not 
show any wave initiation or wrinkling characteristic. 
Polymeric materials and aluminum foils do show a 
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significant variation in the properties in longitudinal and 
transverse directions leading to poor directional properties. 
Since the stiffness of the material in the transverse 
direction is less than that in longitudinal direction; it 
tends to give a buckling effect in the transverse plane. 
Elastic, elastic-plastic and plastic characteristics 
of the material have a profound effect on the web behavior in 
different stages of the process. The transition from elastic 
to plastic zone has been studied in great depth showing that 
in this region the material exhibits characteristics of wave 
generation. Also the material during the tensile loading 
shows the stress variations leading the material to behave 
differently in the different regions resulting in the wave 
initiation in the center portion of the sample. 
In the dynamic process, the speed of rolling and the 
tension in the web affects thin polypropylene and aluminum 
foil in almost the same manner. Increasing speed produces 
waves and number of waves generated are directly proportional 
to the speed. Increasing tension produces waves which later 
turn into wrinkles. 
Recommendations for Future Research 
1. There is a need to examine webs of various thicknesses to 
obtain those values of the thickness of web at which the 
material changes its behavior from the near plane 
strain case to the plane stress case. 
2. Dynamic tests should be performed with different materials 
and different thicknesses at higher speed to get a true 
measure of speed effect. 
3. Temperature effects on the polymeric materials are very 
critical and need to be investigated throughly. 
4. A study of the effect of the web material response to 
the different roller materials should be done. 
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5. The effect of the tentering operation in terms of the 
tension. temperature and the time effects upon the stress 
relaxation and the wrinkling instability in web should be 
investigated. 
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Experimental data is presented here for the static test 
performed on MTS machine. 
Sample Calculation 
Here the method of calculating engineering stress, true 
stress, engineering strain Is given. 
Engineering stress = s = load applied 
area 
True stress = s(t) = instantaneous load 
area 
Load appl led can be directly obtained from the load eel 1 
of the MTS machine. This load obtained Is multiplied by a 
scaling factor for load eel l (22.54 for 500 lb. load eel l 
used for these experiments). 
Load appl led = Digital reading X 22.54 lb. 
Area supporting load = A = Width of specimen X Thickness 
A = w x t sq. in. 
For calculating engineering stress, 
w = original width 
t = original thickness. 
For calculating true stress 
w = instantaneous width 
t = instantaneous thickness 
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For sample# 1. we have 
s = ioad X 22.54 
w x t 
To get the true stress at fracture we have 
s(t) = inst. load X 22.54 
w x t 
Calculation of engineering strain is as shown below, 
Engineering strain = e = Change in Lenqth 
Original l ength 
= L (final ) - L (orig i na 1 )_ 
L (or i g i na l ) 
= 





TENSILE PROPERTIES OF POLYPROPYLENE IN 
LONGITUDINAL DIRECTION 
ENGINEERING TENSILE YIELD 
1 x w YIELD STRENGTH STRENGTH 
in. STRAIN psi psi 
in/in. E +04 E +04 
Thickness : 0.042 in. 
1. I 0. 0 x I 0.0168 5.540 4.599 
2. 8.0 x 1. 0 0.0370 1 0. 12 8.421 
3. 8.0 x 1. 0 0.0377 8.850 7.366 
4. 8.0 x 1. 0 0.0257 4.990 4. 14 7 
Thickness : 1. 43 E -03 in. 
1. 9.0 x l. 0 0.01467 2.998 1. 199 
2. 8.0 x 1. 0 0.01876 3. 146 1. 258 
3. 8.0 x 4.5 0.00600 0.688 0.275 
4. 7.0 x 4.5 0.00800 I. 230 0.347 
5. 7.0 x 4.5 0.01128 1. 230 0.492 
6. 7.0 x 4.5 0.00980 1. 656 0.662 
7. 7.0 x 4.5 0.00940 1. 16 7 0.467 
8. 7.0 x 4.5 0.00984 1 . 032 0.413 
9. 7.0 x 4.5 0.00940 0.916 0.366 
1 0. 7.0 x 4.5 0.00820 1.341 0.536 
1 1. 7.0 x 4.5 0.01032 0.933 0.373 
1 2. 7.0 x 4.5 0.00918 I. 788 0.715 
13. 7.0 x 4.5 0.00944 1 . 544 0.618 

























TABLE VIII (cont.) 
No. SIZE ENGINEERING TENSILE YIELD MODULUS OF 
1 x w YIELD STRENGTH STRENGTH ELASTICITY 
i n . STRAIN psi psi psi 
in/in. E +04 E +04 E +05 
Thickness : 1.43 E -03 in. 
15. 7.0 x 4.5 0.00560 1. 233 0.493 9. l 0 
16. 7.0 x 4.5 0.00896 l . 702 0.681 7.57 
1 7. 7.0 x 4.5 0.00856 1. 382 0.552 6.45 
18. 7.0 x 4.5 0.00976 1 .882 0.752 7.70 
No. SIZE 
TABLE IX 
TENSILE PROPERTIES OF POLYPROPYLENE IN 
TRANSVERSE DIRECTION 
ENGINEERING TENSILE YIELD 
1 x w YIELD STRENGTH STRENGTH 
in. STRAIN psi psi 
in/in. E +04 E +03 
Thickness 0.042 in. 
1. 8.0 x 1. 0 0.0045 2.978 0.677 
2. 8.0 x 1. 0 0.0038 1. 758 0.406 
3. 8.0 x 2.0 0.0030 1. 068 0.417 
Thickness : 1.43 E -03 in. 
1. 4.5 x 4.5 0.0082 1.300 2.02 
2. 4.5 x 4.5 0.0242 1. 567 2.43 
3. 4.5 x 4.5 0.0189 1.057 1.64 
4. 4.5 x 4.5 0.0115 0.607 0.94 
5. 4.5 x 4.5 0.0063 0.954 1.48 
6. 4.5 x 4.5 0.0048 1. 111 1. 72 
7. 4.5 x 4.5 0.0043 0.301 0.47 
8. 4.5 x 4.5 0.0104 1. 584 2.46 




















TENSILE PROPERTIES OF ALUMINUM COATED PAPER 
IN LONGITUDINAL DIRECTION 
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SIZE ENGINEERING TEAR YIELD MODULUS OF 
l x w STRAIN STRENGTH STRENGTH ELASTICITY 
in. in/in. PS i psi psi 
E -02 E +05 E +04 E +05 
Thickness 0.024 in. 
1. 7.0 x 5.0 3.084 0. 103 3.34 
2. 7.0 x 5.0 2.800 0.094 3.44 
3. 7.0 x 5.0 2.500 0.096 3.84 
4. 7.0 x 5.0 3.210 0. 103 3.21 
5. 7.0 x 5.0 2.930 0. 112 3.82 
6. 7.0 x 5.0 3. 163 0.097 3.07 
7. 7.0 x 5.0 3.400 0. 128 3.76 
No. 
TABLE XI 
TENSILE PROPERTIES OF ALUMINUM COATED PAPER 
IN TRANSVERSE DIRECTION 
90 
SIZE ENGINEERING TEAR YIELD MODULUS OF 
1 x w STRAIN STRENGTH STRENGTH ELASTICITY 
i n . in/in. psi psi psi 
E -02 E +04 E +04 E +04 
Thickness 0.024 in. 
1 • 5.0 x 4.0 4.570 0.0768 1.68 
2. 5.0 x 4.0 2.921 0.0368 1. 26 
3. 5.0 x 4.0 2.020 0.0359 1. 78 
4. 5.0 x 4.0 3.062 0.0435 1. 42 
5. 5.0 x 4.0 2.520 0.0312 1.24 
No. SIZE 
l x w 
in. 
1. 12.0 x 
2. 12.0 x 
3. 12.0 x 
4. 9.00 x 
5. 9.00 x 
6. 9.00 x 
7. 6.00 x 
8. 6.00 x 
9. 6.00 x 
TABLE XI I 
TENSILE PROPERTIES OF ALUMINUM FOIL 
IN LONGITUDINAL DIRECTION 
ENGINEERING TENSILE YIELD 
YIELD STRENGTH STRENGTH 
STARIN psi psi 
in/in. E +03 E +03 
12.0 0.0111 5.01 2.00 
12.0 0.0119 4.78 1.84 
12.0 0.0105 4.95 1.83 
12.0 0.0176 4.73 1.89 
12.0 0.0159 4.55 1 . 90 
12.0 0.0166 4.83 1 . 93 
12.0 0.0223 4.77 2.07 
12. 0 0.0186 5. 13 2.05 







1 . 537 
1. 742 
1 . 070 
1 . 188 
1 . 161 
0.929 
1 . 1 00 
















TENSILE PROPERTIES OF ALUMINUM FOIL 
IN TRANSVERSE DIRECTION 
ENGINEERING TENSILE YIELD 
l x w YIELD STRENGTH STRENGTH 
in. STRAIN psi PS i 
in/in. E +03 E +03 
6.0 x 12.0 0.0175 4.22 0.843 
6.0 x 12.0 0.0116 3.98 0.675 
6.0 x 12.0 0.0105 3.27 0.727 
9.0 x 12.0 0.0078 4.58 0.822 
9.0 x 12.0 0.0096 4.33 0.866 
9.0 x 12.0 0.0092 4.92 0.895 
6.0 x 9.00 0.0100 2.61 0.435 
6.0 x 9.00 0.0118 2.73 0.546 
6.0 x 9.00 0.0102 3.42 0.571 
9.0 x 9.00 0.0078 4.22 0.703 
9.0 x 9.00 0.0116 4.31 0.960 



















l x w 
in. 
1. 8.0 x 1. 0 
2. 8.0 x 1 • 0 
3. 8.0 x 1. 0 
4. 8.0 x 1. 0 
No. SIZE 
l x w 
in. 
1. 7.0 x 2. 1 
2. 7.0 x 2. 1 
3. 7.0 x 2. I 
4. 7.0 x 2. 1 
TABLE XIV 
TENSILE PROPERTIES OF POLYETHYLENE 
IN LONGITUDINAL DIRECTION 
ENGINEERING TENSILE YIELD 
YIELD STRENGTH STRENGTH 
STRAIN PS i psi 
in/in. E +03 E +02 
0.01197 5.59 2.795 
0.01215 5.87 2.668 
0.01423 4.91 2.737 
0.01068 4.97 2.485 
TABLE XV 
TENSILE PROPERTIES OF KRAFT PAPER 
IN LONGITUDINAL DIRECTION 
ENGINEERING TEAR YIELD 
STRAIN STRENGTH STRENGTH 
in/in. psi psi 
E +03 E +04 
0.0100 1. 79 
0.0091 1. 58 




















TYPICAL MATERIAL PROPERTIES 
94 
TABLE XVI 
TYPICAL PROPERTIES OF POLYETHYLENE FILMS 
PROPERTIES LOW & MEDIUM DENSITY HIGH DENSITY 
(POLYETHYLENE HOMOPOLYMERS) 
PROCESSING 






I : I n j ect i on 
E : Extrusion 
MECHANICAL 
BRANCHED 
106 - 1 15 
1:300-450 
E:250-450 
3. Tensile Strength 1200-4500 
at break p.s.i. 
4. Elongation at 100-650 
break % 
5. Tensile Yield 1300-2100 
Strength p.s.i. 
6. Tensile Modulus 25-41 
1000 p.s.i. 
IHERMAL 
7. Coerr. or linear 
expansion 




122 - 124 













59- 11 0 
8. Speciric gravity 0.917-0.932 0.918-0.935 0.952-0.965 
Source : Modern Plastics Encyclopedia, 1985-86. 
95 
TABLE XVI I 
TYPICAL PROPERTIES OF POLYPROPYLENE FILMS 
PROPERTIES 
PROCESSING 









3. Tensile Strength 
at break p.s.i. 
4. Elongation at 
break % 
5. Tensile Yield 
Strength p.s.i. 
6. Tensile Modulus 
1000 p.s.i. 
THERMAL 
7. Coerr. or 1 inear 
expansion 
E -06 in/in/ c 
PHYSICAL 





















Source : Modern Plastics Encyclopedia, 1985-86. 
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TABLE XVI I I 
TYPICAL PROPERTIES OF POLYSTYRENE FILM 
PROPERTIES 
PROCESSING 
1. Melting Point 






I : Injection 
E: Extrusion 
MECHANICAL 
3. Tensile Strength 
at break p.s.i. 
4. Elongation at 
break % 
5. Tensile Yield 
Strength p.s.i. 
6. Tensile Modulus 
1000 p.s.i. 
THERMAL 
7. Coeff. of linear 
expansion 
E -06 in/in/ c 
PHYS I CA~ 
8. Specific gravity 










Source Modern Plastics Encyclopedia, 1985-86. 
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TABLE XIX 
TYPICAL PROPERTIES OF ALUMINUM FOILS 
PROPERTIES AL 1100 AL 1145 
MECHANICAL PROPERTIES 
1. Tensile strength 75-130 95-140 
MP a 
2. Yield strength 34- 115 41-117 
MP a 
3. Poisson's ratio 0.33 0.3 
4. Elastic Modulus 10 E +06 
THERMAL PROPERTIES 
5. Coeff. of thermal 13.1-23.6 13.1-23.6 
expansion uin/in/ F 
Source ASM Metals Handbook, 1978, Vol. 2. 
Hoyt S. L., Metal Properties. 
AL l 199 
45-120 
10-1 15 
9 E +06 
13.6-24.5 
Aluminum Foil in Packaging, Symposium proceedings. 
1968. 
Note: Above table gives properties for 0-state and H-state. 
98 
TABLE XX 
TYPICAL PROPERTIES OF PAPER FILM 
PROPERTIES KRAFT PAPER FOIL 
MECHANICAL PROPERTIES 
l. Burst strength psi 45 35 
2. Internal tear (g) 
MD 100 45 
TD I I 0 55 
3. Tensile strength psi 
MD 20 14 
TD 13 13 
4. Elongation % 
MD 10 8 
- TD 1 0 8 
5. Rigidity g/1.5 in. 
MD 0.25 0.24 
TD 0.24 0.24 





COMPUTER DATA AND PLOTS 
The NASTRAN finite element data cards used for the 
computer simulation are given here alongwith the results 
produced in terms of deformation and stress involved in the 
respective models. 























FUNCTION. USE AND LIMITATIONS 
Defines location of the nodal point 
of the model with an option of 
individual d.o.f. constraints. 
Connectivity for 2-D homogeneous 
quadrilateral membrane. Element 
thickness is global. 
Property identification of the 
CQUAD2 card. No anisotropy possible 
Connectivity for 3-0 1 inear 
isoparametric hexahedron element. 
Property identification for CIHEXI 
card. Assumes sol id model. 
Anisotropy possible. 
Material property for linear, 
- isotropic materials. 
Material property for I inear. 
anisotropic materials. 
Defines the loading condition on the 
individual grid points in the 
direction of given choice. Point 
loads act on the nodal points 
leading to averaging effect. 
This card enables the individual grid 
points to have a constraint i.e. 
single point constraint of a node is 
possible and al lows x,y,z displacement 
or even rotation about these axes of 
any point. Limitation being non global 
use of this command. 




Polypropylene sample in TD with force boundary 
conditions varying parabolically from 10.0 lb. 
15.0 lb. 
Figure 37. Undeformed and Deformed Shape of Bowed Roller Model: 2-D Analysis 
w 
Maximum Principle Stre&s = 9.54 x 103 
angle of 0.7648 radians 
Minimum Principle Stress = 
9.0 x 103 at an angle of 
0.8457 radians 




COMPUTER MODEL FOR CONCAVE ROLLER 
2-0 ANALYSIS 
106 
w parabolically from 10.0 lb. 
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COMPUTER MODEL FOR INCLINED ROLLER 
2-D ANALYSIS 
109 
Figure 41. Undeformed and Deformed Shape of Inclined Roller Model: 2-D Analysis 
w 
_ ___, J 
1:--_. _____ _ 
4 
Maximum Principle Stress= 1.42 x 10 psi 
at an angle of 5.83 radians 
Minimum Principle Stress = 9.28 x 
103 psi at an angle of 1. 14 
radians 
·-----
Figure 42. Maximum Principle Stress Contour Plot of Inclined Roller Model: 2-D Analysis 
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